Nuclear spin-lattice (1/T1) and spin-spin (1/T2) relaxation rates of the cation sites of a candidate quantum spin-liquid β ′ -EtMe3Sb[Pd(dmit)2]2 and its deuterated sample are presented. The enhanced 1/T1 of 1 H and 2 D is thoroughly analyzed considering the rotations of methyl and ethyl groups of the cation with activation energies of 2 × 10 2 K and 1.2 × 10 3 K respectively. Contrasting charge dynamics with an algebraic temperature dependence is found at the Sb site in the EtMe3Sb cation. The charge fluctuation remains active down to the lowest temperature, as has been observed in the ac response of dielectric constants.
I. INTRODUCTION
Quantum spin-liquids (QSLs) have attracted considerable attention in condensed matter physics.
1,2 Geometrical frustration of the antiferromagnetic network in triangular or Kagome lattices is known to prevent classical Néel-type magnetic ordering with two sublattices and stabilize novel magnetic states. Among the QSLs, the realization of a gapless QSL whose ground state is a direct product of spin singlets, as first proposed by Anderson, 3 has been pursued for a long time, however, its materialization remains a challenging issue.
Several candidate organic salts have been extensively studied. 4 Of these, β ′ -EtMe 3 Sb[Pd(dmit) 2 ] 2 (dmit = 1,3-dithiole-2-thione-4,5-dithiolate) and κ-(BEDT-TTF) 2 Cu 2 (CN) 3 are examined thoroughly by both magnetic and electronic measurements. [5] [6] [7] [8] No evidence of classical antiferromagnetic order down to T ∼ 1/1000J (J is the antiferromagnetic coupling constant) has been reported so far. The estimated Wilson ratio (R W ≡ χ/γ ∼ 1.1 [emu J −1 K 2 ]), which is a measure of the enhancement of the mass of quasiparticles, suggests reasonably large surfaces for the spin (spinon) excitation.
9-11
These experimental results are consistent with the gapless long-range resonating valence bond (RVB) scenario.
Apart from theoretical concept of the novel state, the actual material raises fundamental problems related to macroscopic quantum phenomena. One is related to the stability or robustness of the QSL against the inhomogeneity of the electronic state inherent in real materials. Although there is little opportunity for an impurity to replace the atoms in molecules in the crystallization of the organic salts, we can exemplify several sources for perturbing electronic states. For example, counter cations [in the case of Pd(dmit) 2 salts] and anions [BEDT-TTF salts] that are electronically closed shell have freedom of quenching disorders, which can cause local electronic instability. The wide distribution of the electronic spin S = 1/2 on [Pd(dmit) 2 ] 2 or (BEDT-TTF) 2 dimers also causes inhomogeneity. The tight-binding approach to compose a geometrical network of S = 1/2 spins cannot take the intradimer degree of freedom into account.
It was previously found that the ac responses of the dielectric constants of the molecular-based QSLs β ′ - 
II. EXPERIMENTALS
Single crystals of 19 We show in Fig. 1 the crystal structure of X = EtMe 3 Sb. There is a twofold rotation axis of the unit cell through Sb site. NMR measurements were performed using small randomly oriented single crystals. The resonating Larmor frequencies, ω 0 , used were 125. 
III. RESULTS AND DISCUSSION
We show in Fig. 2 Fig. 2  (a) . This is consistent with the crystal structure, and we consider that the axis of the local C 3 symmetry of the CD 3 methyl group is the quantized axis of the electric field gradient of 2 D. Upon lowering the temperature, the spectra show significant broadening below 40 K indicating freezing of the rotation of the methyl group. Large nuclear quadrupole moment, Q, of 121 Sb compared that of 2 D with | 121 Q|/| 2 Q| > 10 2 causes significant broadening of the spectra as shown in Fig. 2 (b) , and no notable change is found for whole temperature. At ω 0 , the dominating source to contribute the NMR signal is the central transition, which enabled us to obtain 1/T 1 with small error.
FIG. 2. NMR spectra of (a)
2 D of d9-deuterated and (b) 121 Sb of pristine samples of EtMe3Sb[Pd(dmit)2]2. In Fig. 2  (b) , 63 Cu signal from NMR coil is visible at ∼ 5 %.
We plot in Fig. 3 the 1/T 1 of 1 H, 1/T 1 and 1/T 2 of 121 Sb for the pristine EtMe 3 Sb cation, and 1/T 1 of 1 H and 2 D for the d9-deuterated cation. We also plot 1/T 1 of 1 H for X = Me 4 Sb, which undergoes antiferromagnetic ordering at T N = 11 K, as reference data. Each data set strongly depends on the temperature, and we consider the motion in the cation as the dominant source enhancing nuclear relaxations.
In molecular solids, the rotations of methyl and ethyl groups cause magnetic and charge fluctuations of the local fields. In the case of X [Pd(dmit) 2 ] 2 , the rotations of both groups in cation X are the sources, even though the cations are electronically closed. The fluctuation of local fields enhances 1/T 1 as follows:
where ∆ω 2 is the variance of the fluctuation, which depends on the nuclear relaxation process, τ c is the temperature dependent correlation time, and ω 0 is the Larmor frequency, which is fixed for each NMR measurement. The 1/T 1 shows a maximum at ω 0 τ c = 0.62.
For 1 H NMR, the relaxation is dominated by the H-H intradipolar interaction which is perturbed by rotations of methyl and ethyl groups, from which we obtain ∆ω 2 = 2 5
where µ 0 is the Bohr magneton, γ N is the gyromagnetic ratio of the nuclei, r is the nearest-neighbor distance between protons, and I = 1/2 for 1 H. In the case of 2 D, which possesses a nuclear quadrupole moment, the relaxation is dominated by the fluctuation of the electric field gradient at the 2 D site and ∆ω 2 is described as 20,21
where ω Q denotes the quadrupole coupling frequency given by
Here, q is the electric field gradient. We replot the observed 1/T 1 in Fig. 4 as well as fitted curves assuming τ c that follows the Arrhenius equation (1/τ c ∝ exp(−∆/T )). The enhanced 1/T 1 obtained by 2 D NMR for the d9-deuterated sample peaked at 1/T = 0.033 K −1 (T = 30K), and comparing the corresponding suppression of 1/T 1 of 1 H with that of the pristine sample shows that the peak at T = 30 K originated from the rotation of the methyl group, whereas that at T = 200 K is caused by the rotation of the ethyl group in the cation.
Our main interest is the temperature-dependent lowenergy fluctuations of the system and the universal time constants of the electronic correlations at the three nuclear sites. We plot in Fig. 5 
where ∆ is the activation energy in units of K. The solid and dashed lines in Fig. 5 are the fitted plots of 1/τ c to Eq. 5. We summarize the activation energies ∆ (K) in Table I and find that ∆ predominantly depends on the rotating groups and is insensitive to the nuclei observed. The rotation of the ethyl group also enhances 1/T 1 of Sb site peaked at T ∼ 140 K as shown in Fig. 4 . The obtained 1/τ c above 120 K for 121 Sb well agrees that for 1 H as shown in Fig. 5 . This indirect effect to the local fluctuation of the electric field gradient at Sb site indicates that the rotation axis of the ethyl group is a skew line to the Sb-C bonds, by which local field is perturbed.
Below 100 K, however, 1/τ c for 121 Sb has no characteristic activation energy but slows down gradually, which crosses 1/τ c for 2 D and 1 H originating from the methyl rotation. This shows little indirect coupling between the electric field gradient at the Sb site and the rotation of the methyl group, which is consistent with the 2 D NMR spectra with axial symmetry. The rotation axis agrees to the Sb-CH 3 bonds and the local rotation is not seriously perturb the electronic state at Sb. This argument is supported by contrasting magnitudes of the enhancements of 1/ 121 T 1 for two peaks, while nearly the same enhancements of 1/ 1 T 1 are observed for the rotations of the ethyl and methyl groups. 1/τ c is fitted by a power relation to the temperature as 1/τ c ∝ T ν with ν = 2.5. This glassy slowing down of 1/τ c well explains the peak of 1/T 2 at 20 K shown in Fig. 3 is characterized by the dephasing process of the nuclear magnetizations at ∼ 100 kHz. The nuclear relaxations of the proton and deuteron NMR unveil the rotations of methyl and ethyl groups, whose temperature dependence follows Eq. 1. For β ′ -EtMe 3 Sb[Pd(dmit) 2 ] 2 , a similar enhanced dielectric constant was reported in Ref. 13 . Although the enhancement of the dielectric response shows the slow charge dynamics of the sample, it is still under debate whether the magnetically active [Pd(dmit) 2 ] 2 dimers or the cations that is electronically closed cause the slow fluctuation of the electrons.
The dielectric response at the classical limit is expressed as
Here, ǫ ∞ and ǫ 0 denote the dielectric constants at the highest-and lowest-frequency limits, τ M is the characteristic time constant for macroscopic polarization, respectively. Equation 6 is expected to have a maximum at ωτ M = 1. We plot in Fig. 5 23,24 and plot τ m using the values of ǫ(ω) at 1 MHz and 316 Hz for ǫ ∞ and ǫ 0 , respectively. This correction is not ideal, but the correction factor 3ǫ 316Hz /(2ǫ 316Hz − ǫ 1MHz ) shows a moderate change on the order of unity, ranging from 1.7 at 28 K to 2.3 at 46 K. We plot τ m in Fig. 5 as open triangles and find that the correction has a minor effect on the estimated correlation time.
Whereas the motion of the methyl and ethyl groups has little impact on the dielectric response, we can claim a correspondence between the slow charge dynamics and the fluctuation of the local electric field at the Sb site of the EtMe 6 s −1 , even at T = 5 K, which can disturb classical magnetic ordering. The power relations of the correlation times to the temperature 1/τ c,M ∝ T ν observed by NMR and the dielectric constants have no fi-nite critical temperature, suggesting the existence of the quantum critical point at zero temperature. In addition, it has been theoretically well established that quantum liquids in one and two dimensions are characterized by algebraic electronic correlations, and our results are in line with this understanding. 25, 26 While the origin of the observed glassy state is still open, we comment that nearly degenerate energy levels in a QSL are on the verge of algebraic particle excitations and a concomitant glassy state in space and time domains.
IV. SUMMARY
In this report, we demonstrated the nuclear spin-lattice and spin-spin relaxations of the cation of the candidate quantum spin-liquid β ′ -EtMe 3 Sb[Pd(dmit) 2 ] 2 . Significant enhancements of 1/T 1 and 1/T 2 were observed at 1 H and 121 Sb in the pristine sample and at 1 H, 2 D in the d9-deuterated samples. The correlation times follow the activation temperature dependence, and we estimate the activation energies ∆ = 2 × 10 2 K (1.2 × 10 3 K) for the rotation of the methyl (ethyl) group respectively.
An unconventional charge dynamics was found for the Sb site in the cation. The algebraic slowing down of the charge dynamics with a small exponent, 1/τ c ∝ T 2.5 , shows that the charge fluctuation remains active even at the lowest temperature, which can prevent classical magnetic ordering and stabilize QSL. The observation of the algebraic charge dynamics shows that charge correlation as well as magnetic correlation can be strongly modified in quantum liquids.
